Background: Advanced glycation end-products (AGEs) play a critical role in the pathology of diabetic complications. The aim of this study is to examine the immunolocalization of advanced glycation end products (AGE) and receptor for AGE (RAGE) in human diabetic and non-diabetic donor eyes using immunohistochemistry. Materials and Methods: Eight globes were obtained from human postmortem donors: six diabetic donors and two non-diabetic. Formalin-fixed, paraffin-embedded tissue sections were subjected to immunohistochemistry with anti-AGE, and RAGE antibodies. Results: In eyes from diabetic donors, the blood vessels of the iris and choroid had relatively thickened walls. The ciliary body showed decreased capillaries with hyalinization in the stroma. Neovascularization or proliferative changes were not observed in the tissues. Immunoreactivity for AGE was highly detected in the stroma and blood vessels of the iris, ciliary body, choriocapillaris, choroidal large vessels, and central retinal artery/vein. Immunoreactivity was also detected in the retina, corneal endothelium, and lens. RAGE immunoreactivity was weakly detected in choroidal vessels and Bruch's membrane. In eyes from non-diabetic donors, AGE was weakly detected in the iris, ciliary body stroma, and choriocapillaris, but RAGE was hardly detected. Conclusion: AGE is highly accumulated in vascularized intraocular tissues of diabetic eyes, suggesting that AGE accumulation may play an important role in the pathogenesis of diabetic vasculopathy. This study indicates that inhibition of AGE formation may be an important therapeutic strategy for suppressing the progression of diabetic ocular complications.
INTRODUCTION
Diabetic vascular complications are a major cause of acquired blindness in type 1 and type 2 diabetes mellitus [1] . Studies have confirmed that hyperglycemia, leading to metabolic and hemodynamic derangement, is the most important factor in the onset and progress of vascular complications in diabetes mellitus [2, 3] . Diabetic microangiopathy is characterized by blood retinal barrier breakdown, capillary basement membrane thickening, loss of pericytes, and development of acellular and occluded capillaries [4, 5] . On the other hand, the pathological alterations associated with diabetes mellitus are found in various intraocular tissues [6] , including the vascularized tissues of the iris, ciliary body, choroid, and retina, as well as the non-vascularized tissues of the cornea and lens. These suggest that diabetic ocular complications are caused, either directly or indirectly, by microangiopathy.
The formation of advanced glycation end-products (AGEs) correlates with glycemic control [7] . AGE may cause tissue injury both directly, through phenomena such as trapping and cross-linking, and indirectly, by binding to the specific receptor for AGE (RAGE) on the surface of various cells [8] . The pathological crosslink formation induced by AGE usually affects the stable and long-lived proteins, leading to increased stiffness of the protein matrix and increased resistance to removal by proteolytic means [8] [9] [10] . In subsequent investigations, a high concentration of AGE was noted in the vitreous and aqueous humor in patients with diabetic retinopathy [11, 12] . The increase in AGE colocalized with RAGE in the diabetic retina is correlated with the onset and progression of retinopathy [13] . AGE accumulation has been evaluated by immunohistochemistry in the cornea, retina, optic nerve head, and Bruch's membrane of human diabetic donor eyes [14] [15] [16] . Moreover, corneal AGE fluorescence values, measured by fluorophotometry, were markedly higher in the patients with proliferative diabetic retinopathy than in the control subjects [17] . However, immunolocalization of AGE has yet to be elucidated enough in human vascularized intraocular tissues.
The present study examined the immunolocalization of AGE and RAGE in human diabetic and non-diabetic donor eyes. The immunoreactivity was then compared in vascularized and non-vascularized ocular tissues.
MATERIALS AND METHODS

Preparation of Samples
The institutional review board of the University of Southern California approved our use of human specimens obtained from the files of the Doheny Eye Institute Pathology Laboratory. All procedures conformed to the Declaration of Helsinki for research involving human subjects. Eight eyes were obtained from the Doheny Eye and Tissue Transplant Bank, Los Angeles, CA. These eight eyes were from four donors who died as a result of cardiac-related disorders. Six of the eight eyes came from three donors with a history of diabetes mellitus; the remaining two eyes came from a donor with no history of diabetes. The clinical data examined in this study are presented in Table 1 . All eight eyeballs were fixed in 4% paraformaldehyde soon after enucleation.
Immunohistochemistry
The slides were dewaxed, rehydrated, and rinsed in phosphate-buffered saline twice for 10 min. As pretreatment, microwave-based antigen retrieval was performed in 10 mM citrate buffer (pH 6.0). These slides were incubated with 3% hydrogen peroxide for 10 min, then with normal goat serum for 30 min. Sections were incubated with anti-AGE (1:100; ab23722; Abcam, Cambridge, MA), and RAGE (1:100; ab37647; Abcam) rabbit polyclonal antibodies at room temperature for 2 hr. Binding of the primary antibody was localized with the FITC-conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) for 30 min. Negative control consisted of FITC-conjugated mouse IgG incubated without treatment of the primary antibody. Slides were examined using a Zeiss LSM510 (Zeiss,Thornwood, NY) confocal microscope.
RESULTS
AGE is Highly Accumulated in the Iris Stroma in Diabetic Eyes
The iris consisted of one layer of pigmented epithelium and the stroma. In diabetic donor globes, the iris stromal vessels contained slightly thickened walls (Figure 1(a) ). Pigmentation was noted in the stroma, whereas neovascularization was not observed in diabetic iris. Periodic acid Schiff (PAS) staining was weakly positive for vascular walls in diabetic eyes. In contrast, several blood vessels with thin vessel walls and clear vascular lumens were distributed in the stroma of non-diabetic eye (Figure 1(e) ). Immunoreactivity for AGE was strongly detected in the iris stroma, including the blood vessels in the diabetic donor eyes (Figures 1(b) and (c)), whereas the immunoreactivity was less marked in non-diabetic donor eyes (Figures 1(f) and (g)). Although linear membranous immunoreactivity for AGE was weakly observed, cytoplasmic immunoreactivity was not seen in pigmented epithelium of diabetic (Figure 1(b) ) and non-diabetic donor eyes (Figure 1(f) ). AGE immunoreactivity was weakly detected in the sphincter muscle of the iris. Immunoreactivity for RAGE was not detected in diabetic (Figure 1(d) ) or non-diabetic iris (Figure 1(h) ).
AGE Is Highly Accumulated in the Ciliary Body Stroma of Diabetic Eyes
The ciliary body consisted of two layers of epithelium and the stroma. In the diabetic globes, the basement membrane of the ciliary body stroma was thickened (Figure 2(a) ). The stroma displayed hyalinization, where the number of core capillaries was decreased (Figure 2(a) , arrows). PAS staining clearly revealed thickening of the pigmented ciliary body epithelial basement membrane of the pars plicata (Figure 2(b) ). In contrast, blood vessels showing clear vascular lumens were distributed in the stroma of non-diabetic eyes (Figure 2(e) , arrows). PAS staining was weakly positive for basement membrane of epithelium in non-diabetic globes (Figure 2(f) ). Immunoreactivity for AGE was strongly detected in the ciliary body stroma, including the blood vessels, in the diabetic eyes (Figure 2(c) ), whereas the immunoreactivity was less marked in non-diabetic eyes (Figure 2(g) ). Although weak immunoreactivity for AGE was detected in the cell membrane of the apical side, no cytoplasmic immunoreactivity was seen in the ciliary body epithelia of diabetic or non-diabetic eyes. AGE immunoreactivity was not seen in blood vessels situated in the stroma of non-diabetic eyes (Figure 2(g); arrows) . No immunoreactivity for RAGE was detected in either the diabetic (Figure 2(d) ) or non-diabetic ciliary body (Figure 2(h) ). 
AGE Is Highly Accumulated in the Choroid in Diabetic Eyes
Histopathologic examination revealed thickening of the large choroidal vessel walls in diabetic eyes (Figure  3(a) ), whereas the vessel wall thickening was not observed in non-diabetic eyes (Figure 3(e) ). AGE immunoreactivity was strongly detected in the choriocapillaris and large choroidal vessels, as well as in the stroma (Figures 3(b) and (c) ). In non-diabetic eyes, AGE expression was weakly detected in the choriocapillaris, but the expression in large vessels and the stroma was less marked (Figures 3(f) and (g) ). Immunoreactivity for RAGE was detected in the Bruch's membrane and large choroidal vessels in diabetic eyes (Figure 3(d) ), whereas the immunoreactivity was less marked in non-diabetic eyes (Figure 3(h) ).
Openly accessible at
Expression of AGE in Central Retinal
Artery/Vein and the Retina AGE was highly accumulated in the vessel walls of the central retinal artery and vein, located upon the optic nerve head, of diabetic eyes (Figures 4(a) and (b) ), whereas the immunoreaction was less marked in non-diabetic eyes (Figures 4(d) and (e) ). AGE immunoreactivity was weakly detected in the retina, including the inner limiting membrane and the inner and outer nuclear layers, in diabetic (Figures 4(g) and (h) ) and non-diabetic eyes (Figures 4(i) and (k) ). AGE immunoreactivity was also observed in the vessel walls of the peripheral retina in both groups (Figures 4(g)-(j) : arrow) and in the vitreous of diabetic eyes (Figures 4(g) and (h)): asterisk), but was not seen in the vitreous of non-diabetic eyes (Figures 4(j) and (k) ). RAGE was not expressed in the central retinal artery/vein or the retina in diabetic (Figures 4(c) and (i) ) or non-diabetic (Figures 4(f) and (l) ) eyes.
Comparison of AGE Immunoreactivity with Other Ocular Tissues
In diabetic eyes, AGE was expressed in corneal endothelium, pia mater, and parenchyma of the optic nerve, and sclera. Lens epithelial cells showed faint expression of AGE (data not shown). As shown in Table 1 , AGE immunoreactivity was strongly detected in the iris, ciliary body, choroid, and central retinal vessels, while the immunoreactivity was relatively weak in the corneal endothelium, sclera, and retina in diabetic eyes ( Table 1) . Expression of RAGE was not detected in diabetic ocular tissues, except Bruch's membrane and large choroidal vessels
DISCUSSION
Histopathologic examination revealed thickened basement membrane, decreased number of endothelial cells, a, b, d , e, g, h, j, k; green) and receptor for AGE (RAGE) (c, f, i, l; green) with DAPI nuclear staining (b, c, e, f, h, i, k, l; blue) in the retina and the vessels in human diabetic (a-c, g-i) and non-diabetic (d-f, j-l) eyes. DM, diabetes mellitus.
and increased acellular areas in the ciliary body stroma of human diabetic globe; these findings were not observed in the non-diabetic globes. The blood vessels of the iris stroma in the diabetic eyes had relatively thickened walls compared to those in non-diabetic eyes. These pathological findings indicate that alteration of blood vessels in the iris and ciliary body clearly reflects diabetic microangiopathy [4, 5] . Immunoreactivity for AGE was strongly detected in the stromal vessels of the iris and ciliary body, as well as in the choriocapillaris and peripheral retinal vessels, of diabetic eyes, whereas AGE expression was less marked in the non-diabetic eyes. Moreover, AGE expression was stronger in the ciliary body, iris, and choriocapillaris than in the other ocular tissues, including the cornea and lens. Therefore, AGE is predominantly accumulated in the preexisting well-vascularized ocular tissues of diabetes, implying that AGE is primarily accumulated during the pathogenesis of diabetic microangiopathy.
High concentrations of AGE have been observed in the vitreous of patients with diabetic retinopathy [11, 12, 18] . This immunohistochemical study showed that AGE immunoreactivity was detectable in the vitreous of diabetic eyes, suggesting that AGE can be secreted into intraocular fluid. In addition, Endo et al. demonstrated that AGE concentration was increased in the aqueous humor in diabetic patients without retinopathy [11] . This study clearly demonstrated that AGE accumulation was marked in the iris and ciliary body stroma of diabetic eyes, indicating that the high concentration of AGE in the aqueous humor is related to the accumulated AGE in the iris and ciliary body. We also confirmed that AGE was expressed in the corneal endothelium of two diabetic eyes compared to age-matched non-diabetic eyes, as shown in Table 1 . Although Kaji et al. showed AGE expression in corneal endothelium, they speculated that AGE accumulation might result from the decrease in corneal endothelial cells that occurs with aging [14] . The current study suggests that high expression and concentration of AGE in the iris and the aqueous humor may directly involve corneal endothelium, subsequently leading to increased AGE expression.
AGE is accumulated at many sites of the body, including the heart and large blood vessels, in diabetes [19] . Interestingly, we also demonstrated that AGE accumulation was noted not only in microvessels located in the diabetic retina and uveal tract, but also in relatively large vessels, including the central retinal artery/vein and the choroid. Occlusion of the central retinal artery/vein is a known ocular complication of diabetes [20] . Hyperglycemia leads to matrix metalloproteinase expression via AGE formation, which subsequently contributes to histological alterations and accelerated plaque formation in large vessels [19, 21] . These findings suggest that AGE plays a potential role in the pathogenesis, not only of microangiopathy, but of retinal vessel occlusion in diabetes.
We found that AGE accumulated in the blood vessels, as well as in the stroma of the iris and ciliary body. Diabetes mellitus can complicate uveitis representing diabetic iridocyclitis [22] ; however, the pathogenesis remains unknown. It is known that hyperglycemia promotes inflammation through the induction of cytokine secretion by several cell types including monocytes. AGE induces the expression of pro-inflammatory molecules through mitogen-activated protein kinase and nu-clear factor kappaB-dependent pathways [23] . Furthermore, AGE is believed to play an important role in the onset of uveitis in Vogt-Koyanagi-Harada disease [24] . Our results support the hypothesis that a strong accumulation of AGE in the iris and ciliary body in diabetic eyes may have a causative effect on the onset of diabetic iridocyclitis.
RAGE expression has been detected in the glial cells and vascular endothelial cells intermingled in the epiretinal membrane of proliferative diabetic retinopathy [25] . In the present study, RAGE expression was detected in Bruch's membrane and large choroidal vessels; but no RAGE expression was noted in the retinal vessels of either diabetic or non-diabetic eyes. This suggests that RAGE may be strongly expressed during the development of diabetic retinopathy. AGE may cause tissue injury both directly and indirectly by binding to RAGE on the surface of various cells [8] . The present no RAGE expression was observed in the uveal tracts or central retinal vessels, places where AGE was highly accumulated. These suggest that the pathogenesis of diabetic vasculopathy is due to direct tissue injury through accumulated AGE rather than binding to the receptor.
AGE is now believed to contribute to the accelerated microvasculopathy observed in diabetes [1] . We clearly demonstrated that AGE was accumulated in diabetic well-vascularized ocular tissues. Inhibition of AGE pathway, including AGE formation, AGE-RAGE interaction, and RAGE expression, has been considered a therapeutic molecular targeting. Indeed, agents that inhibit the formation of AGE have been shown to clinically suppress the progression in diabetic vascular complications [1] . The current immunohistochemical analysis suggests that inhibition of AGE formation is an important therapeutic strategy to suppress the onset of diabetic retinopathy.
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